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ABSTRACT

Large deformation uniaxial compression and fixed-end torsion (simple shear)
experiments were conducted on annealed OFHC Copper to obtain its stress-strain behavior.

This material behavior was also predicted using the Taylor-type rate dependent polycrystal
model by Asaro and Needleman. Simulations of the experiments were conducted in

personal computers, using a recently developed, highly efficient, fully implicit, time
integration scheme by Kalidindi et al. In the initial phase of the simulation, the evolution of

I constituent single ,ystal slip system CkLormatlon resistance was estimated using the
experimentally determined compressive stress-strain behavior of the polycrystal. With this

crystal constitutive behavior, the stress-strain behavior of the polycrystal for simple shear
was computed. In addition, the evolution of the crystallographic texture was computed for

both compression and simple shear tests. Both the shear and axial stress-strain behaviors
for the simple shear test compared reasonably well with the experimental results.
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INTRODUCTION

In an event such as the penetration of an armor, the armor material undergoes a
large deformation at a high strain rate and elevated temperature before failure. When
numerically simulating such a rate dependent finite deformation event, predictions
significantly depend on the constitutive models used to represent the plastic deformation
behavior of the material. Most computer codes contain consttutive models that are
extensions of the small deformation representation. In most of these codes, extension to
multiaxiality is achieved through the assumption that there exists a unique effective stress-
strain behavior for a particular material at a given strain rate and temperature. Finite strain
deformation experiments show this assumption is not valid for large deformations. That is,
tension, compression, and torsion experimental data for large deformation cannot be
correlated by an effective stress-strain representation1 (also from the experiments reportei
in this report). The torsional etfzctive stress-strain zurve lies significantly below both the
tensile and the compressive stress-strain curves at large strains. Therefore to obtain a better
prediction of the deformation at finite strain, it is necessary that the constitutive models in
computer codes follow the response of the material at finite deformation more accurately.

To improve upon the extension of the small deformation classical model (Prandtl-
Reuss), finite-deformation behavior has been modeled in two different ways: 1)
Macroscopic phenomenological modeling. Here, functional forms for plastic stretching,
plastic spin and back stress tensors are assumed. 2) Microscopic (polycrysta')
phenomenological modeling. In this case, the phenomenological representation is of t)-,
single crystal slip behavior, the macroscopic plastic constitutive behavior is derived from it.
Also the evolution of the crystallographic texture (crystallographic anisotropy) can be
deduced from this type of formulation. In addition, with the insight into the micro-
mechanics of the plastic deformation process, the polycrystal modeling can lead us to select
functional forms for macroscopic modeling that will better represent the physics of
microscopic plastic deformation.

In the polycrystal phenomenological plasticity modeling, three methods have been
used to deduce the polycrystal constitutive behavior from the deformation of the individual
crystals (grains): 1) The Taylor method,2 where each grain is assumed to deform with the
same deformation gradient as the polycrystal, thus satisfying compatibility among the
grains, but violating the stress equilibrium across the grains. 2) Sachs method, 3 where
each grain is assumed to be subjected to the same stress tensor as the polycrystal, thus
satisfying the stress equilibrium condition, but violating the compatibility across the graias.
3) Self-consistent method, where each grain is considered as an inclusion embedded in a
homogeneous infinitely extended matrix. 4,5,6 Unfortunately, there are not that many
experimental evaluation of these polycrystal schemes in the literature.

1. SEMIATIN, S. L., LAHOTI, G. D. AND JONAS, J. J. Mechanical Testing, Metals Handbook,
Ninth Editon, v. 8. p. 164.

2. TAYLOR, G. [. J. Plastic Strain in Metals. Inst. Metals, v. 62, 1938, p. 307.
3. SACHS, G., Z. Ver. Dtsch. Ing., v. 72, 1928, p. 734.
4. KRONER, E. Berechning der elastischen Konstanten des Vielkristalls aus den Konstanten des

Einkristalls. Z. Phys., v. 151, 1958, p.504-518.
5. BUDIANSKY, B. AND WU, T. T. Theoretical prediction of plastic strains of polycrystals. In Proc.

of the 4th U. S. National Congress of Applied Mechanics, ASME, New York, 1962, p. 1175-1185.
6. ILL, R. Continuum micro-mechanics of elastoplastic polycrystals. J. Mech. Phys. Solids, v. 13,

1965, p. 89-101.



For elastic-viscoplastic finite deformation via slip by dislocation glide, Asaro and
Needleinan7 have proposed a Taylor-type model to repesent the polycrystai behavior from
its individual crystals. Harren ct al. 8 have conducted a detailed analysis of the finite
deformation under shear (torsion) using this model. They have observed that the axial
behavior of a single phase polycrystalline material in a torsion test is very sensitive to strain
hardening, strain rate sensitivity, and latent hardening behavior of the constituent single
crystal. Therefore, finite deformation torsion testing can be used to evaluate and calibrate
polycrystal plastic models as well as macroscopic models.

Four types of experiments are commonly used to evaluate plastic constitutive
behavior of materials: 1) uniaxial tensile testing, 2) uniaxial compression testing, 3) thin
walled torsion testing, and 4) multiaxial testing. With tensile testing, it is not possible to
obtain experimental data for large deformations due to the necking instability.
Compression testing can be used to obtain large deformation data up to strains of
approximately 1.5. Though muitiaxial testing is useful to study constitutive models, it is
complex to perform, especially to large strains. However, with torsion testing, it is
possible to obtain experimental finite deformation data up to very large strains. In addition,
axial stress or strain measurement from the torsion tests, depending on whether these tests
are conducted under fixed-end or free-end conditions, is a very sensitive measure and can
be used to evaluate both polycrystal and macroscopic finite deformation constitutive
models. However, there is a lack of torsion test data with axial stress or strain
measurements in the literature.

A set of finite deformation experiments (fixed and free-end thin wall torsion and
uniaxial compression) were conducted for the experimental evaluation of the finite
deformation models. This report gives an evaluation of the Taylor-type rate dependent
model proposed by Asaro and Needleman7 using the experimental stress-strain behavior
from these experiments. The predicted textures from the rate dependent Taylor model are
also given in this report. Comparison of the predicted textures with the experimental
textures will be reported in a future publication.

THE TAYLOR-TYPE POLYCRYSTAL MODEL

An overview of the Taylor-type rate dependent polycrystal model by Asaro and
Needleman is given in this section. In our work, we followed the formulation of the time
integration of the polycrystal model for various boundary conditions as proposed by
Kalidindi et al. 9 The summary of their integration algorithm is also given in this section.

7. ASARO, R. J. AND NEEDLEMAN, A. Texture Development and Strain Hardening in Rate
Dependent I'olycrystals. Acta Mctall., v. 33, 1985, p. 923.

8. IIARREN, S., LOWE, T. C., ASARO, R. J. AND NEEDLEMAN, A. Analysis of large-strain shear
in rate-dependent face-centred cubic polycrystals: correlation of micro- and macromechanics, Phil.
Trans. R. Soc., v. 328, 1989, p. 443-500.

9. KALIDINDI, S. R., BRONK|IORST, C. A. AND ANAND, L. Crystallographic Texture Evolution
in Bulk Deformation Processing of FCC Metals. to appear in Journal of the Mechanics and Physics of
Solids.
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With this formulation, the problem could be solved with PCs due to the efficiency of the
algorithm. The disadvantage of this formulation is that it can be applied only with the
prescribed displacement boundary conditions.

Kinematics of the Single Crystal

Let F be the global deformation gradient of the polycrystalline material. With the
Taylor assumption, then the deformation gradient of each crystal of the polycrystal will
have the same deformation gradient F. By multiplicative decomposition of the deformation
gradient into elastic and plastic components, we obtain:

F = FeFP (1)

where Fe is the elastic and FP is the plastic parts of the deformation gradient. Here FP is
the deformation gradient due to plastic slip only (det FP = 1); it represents an elastically
unloaded intermediate relaxed configuration of a stress free state with the orientation of the
crystal lattice coinciding with the crystal lattice in the reference configuration. The
deformation gradient Fe represents both rotation and elastic stretctung of the crystal lattice
(det Fe>l). Then the velocity gradient L:

L = f F-1 = fe Fe-I +Fe LB Fe' l  (2)

where LB = f P FP-1 (3a)

or P = LB FP (3b)

Here the notation (0) indicates the derivative with respect to time. Since LB is the plastic
velocity gradient in the relaxed configuration, L is given by

12
L8 = Y_ r Sg, S = sff® nf (3c)

az=1

where sa and nff are orthonormal unit vectors representing slip directions and slip planes,
respectively, for each slip system ox in the reference configuration and the a is the plastic
shearing rate in the oxth slip system. For an fcc crystal there are twelve slip systems
derived from its four ( I lI) slip planes and three <110> slip directions for each slip plane.
Consequently, unit vectors nf represent four (I 11 ) planes and the unit vectors sa
represent the corresponding three <110> directions of each aXth slip system (in the Table of
section Model Predictions). From Equation (2),

12
LP=DP+WP=FeLBFe- = y ja Sa, Sa = (Fesg)®(nf Fe-I) (4a)

(X= I

where DP and WP are plastic stretch and spin tensors, respectively, and are given by

3



12 12
DP= E j' sym(Sa), and WP= Y ja asym(Sa) (4b)

Or= 1 a=1

The rate of plastic stress power per unit reference volume is (see Anand1 ° )

&p = (Ce T*):LP, with Ce = FeT Fe (5)

and T* = F -1 ((det Fe) T} Fe-T. (6)

The stress T is Cauchy stress of the crystal. The second Piola-Kirchhoff stress, T*, is the
elastic work conjugate of the Lagrangean elastic strain measure

Ee = (1/2) (Ce - 1), with Ce = FeT Fe (7)

But the plastic stress power per unit volume is

12

~p= XL.~ct(8)

a=1

where ta is the resolved shear stress in the ccth slip system. Therefore, from Equations (5)
and (8) resolved shear stress

,tc = (Ce T*):Sg (9)

Crystal Plasticity Constitutive Model

The relationship between the resolved shear stress, tct, and resolved shear strain
rate, 0 , is given by the viscoplastic rate power law

,a = o tQ/SCf 1l/m sign(,ta) (10

where o is the reference shear strain rate, sa is the resistance of the slip system (x and m is
the strain rate sensitivity parameter (assumed to be the same for all slip systems). Also, the
slip resistance sa can be considered as the slip resistance of the slip system a at the
reference shearing rate, "7d.

The slip resistance sa is evolved according to

10. ANAND, L. Constitutive Equations for tlot-Working of Metals. Int. J. Plast., v. 1, 1985, p. 213-
231.
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12

1=1

where haP4 is the instantaneous hardening modulus of the slip system a due to a shearing
on the slip system 5. The form of the hardening moduli (Asaro and Needleman) are given
by

h4 = h(s 3) qaxP (no sum of 3) (12)

where qac is a 12 by 12 matrix describing the relationship between self and latent
hardening behavior of the crystal slip systems. The ratio of latent hardening to self
hardening is assumed to be unity for coplanar and a value of q for non-coplanar systems.
From Kalidindi et al. the single slip hardening modulus, h(s), is assumed to be given by

h(s) = ho ( I- s) a 13)Ss (3

where constants ho , ss and a are assumed to be the same for all slip systems. Here, ss
represents the saturated slip resistance and ho is a measure of the initial hardening modulus
of the single slip system. From this assumed single slip hardening behavior

- l a 10 - )-(a+])_- (I - -a)-(a+l)] (14)

for a -1, where so is the initial slip resistance and the I y I is the absolute value of shear.
Here, the Bauschinger effect is assumed to be negligible.

From finite elasticity, the reduced constitutive equation for an elastic material in a
grain can be written in the form

T* = £[Ee]  (1 15

where L is the fourth order elastic tensor. Assuming all the grains are of equal volume,
with the Taylor assumption that the local deformation gradient of each grain is the same as
the global deformation gradient, then the volume average Cauchy stress TG is

N

TG = Tk (16)
Nk= 1

where Tk is the Cauchy stress of each grain and N is the number of grains. The volume
average stress TG is the global stress response of the polycrystal (Asaro and Needleman).

5



in the reformulation of the Asaro-Needleman polycrystal model for a more efficient
ti,.je-integration scheme, Kalidindi et al.9 have assumed the following approximations:

For small elastic stretches:

L-= 2P1 + ( - --- ) 1 (17)
3

and Ta = T*:SQ (18)

Numerical Procedure for Model Predictions

In the simulation of the experiments reported in this report, the time-integration
procedure proposed by Kalidindi et al. was used to integrate the above polycrystal model.
This formulation of the time-integration procedure is summarized in this section.

The problem of integrating the above polycrystal model can be summarized as
follows. Let cr be the time At later than the current time t. Then the problem is to find the
list {FP(,t), sat(r), T(t)) for each grain at time r when the current state {FP(t),sCx(t), T(t))
of all the grains and the global deformation gradients at times t and 't are given. Once the
stress at each grain is known, global stress behavior at r can be calculated from Equation

(16). The new texture at time 't for each crystal can be computed from (see Equation 4a)

s= Fe(r) sg (19)

n = Fe-T(,t) nf (20)

where (sq, nq) is the slip system in the deformed configuration. Since the slip systems in
the undeformed configuration (sg, ne) are orthonormal, the slip systems in the deformed
configuration are also orthonormal. If Fe(,t) is found, then the slip system in the deformed
c-onfiguration for each crystal at the time "T can be computed and hence the pole figure can
be constructed for the polycrystal.

The starting point for the formulation of the time integration procedure is the result
obtained by Weber and Anand' I in the implicit time-integration of the evolution equation for
lp given in the Equation (3b):

FP(t) = exp (At LP('t) } FP(t) (21)

11. WEBER, G. AND ANAND, L. Finite Deformation Constitutive Equations and a Time Integration
Procedure for Isotropic, Hyperelastic-Viscoplastic Solids. Comp. Methods Appl. Mech. Eng., v. 79,
1990, p. 173-202.
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By neglecting higher order terms of Ar for small Ata and using Equation (3c)

12

FP(t) = {I + XAr t Sg) FP(t) (22a)
a= I

12
or FP1 (,r) = FP'I(t) (I - YArILSg} (22b)

a= 1

where Ay, = "?x(t) At. (23)

From Equations (23), (18) and (10) Ar is given by

Ay 0 At.I- -c--I/m sign(T*:Sa) (24)

Substituting Equations (7) and (1) in the elastic constitutive Equation (15), following

equations are obtained (see Kalidindi et al. 7 for details):

12

T*(t) = T *tr- AaCa  (25)
a=l

12
sa(T) = sa(t) + Xha3 I A-3 1 (26)

1

where

T*tr=pA+ 3K-2k (trA) l -  1, (27)

A = FPT(t) FT(t) F(T) FP-I(t), (28)

CO = g Bx + 3K 2 (trB a ) 1, (29)

Ba=A Sg+SgTA,
(30)

Equations (25) and (26) are two sets of nonlinear simultaneous equations (T*(t) - six

unknowns - and sc(t) - twelve unknowns) and can be solved using a modified Newton-
Raphson type algorithm (see Kalidindi et al. 7 for the details of the algorithm). Once T*(t)

7



and s0(,t) are known, FP(.t) is obtained using Equation (22a) and Fe(t) is obtained from
Equation (1). The new texture at time t can be found by the polar decomposition of Fe(r)

into its elastic lattice rotation component (Re(t)) and elastic stretching component and by
using the Equations (19) and (20) to obtain:

Sq = Re(t) sg
(31)

n = Re-T(,t) nf. (32)

where, sq (slip direction) and n t (slip plane) are unit vectors representing the slip system
a at time r.

A computer program that solves this nonlinear problem is given in the Appendix.

EXPERIMENTAL STRESS-STRAIN BEHAVIOR

Material

Test specimens were machined from oxygen-free-high-conductivity (OFHC)
copper (99.99% Copper). OFHC copper was received as bar stocks in the work hardened
condition. Before machining, the copper rods were annealed at 400°C in argon for one
hour. This annealing treatment produced an average grain diameter of 45 jim.

Experimental Procedure

Compression Tests

All the compression tests were conducted with cylindrical specimens 0.5 in (12.7
mm) in diameter with a nominal gage length of 0.5 in (12.7 mm) using an Instron screw
driven testing machine. The specimen's ends were grooved as shown in the Figure 1 to
retain the lubricant for a longer test time. To record the initial 5% strain, all the specimens
were strain gaged. The ends of the specimens were lubricated with thin teflon tapes. The
relative displacement of the ends of the specimens were monitored using a jig with a DCDT
transducer. All the tests were conducted at a nominal engineering strain rate of 5.7 x 10-4

s- 1. The stress strain curve for engineering strains greater than 5% was obtained from the
DCDT information and using the assumption that the deformation is incompressible. The
discontinuity observed at the 5% strain level between the two curves was reconciled by
moving the starting point of the stress-strain curve for strains greater than 5% to coincide
with the end point of the stress-strain curve for strains less than 5%. This discrepancy
arises duc to the presence of the grooves it the loading interfaces of the specimen.

8



Compression Test Results

Stress-strain results for the compression tests are given in Figure 2. These data
were obtained using five different specimens. The maximum strain that was obtained was
1.30.

~. 0DIA. ~ 00

GROVE SPACING

*

L - 0.500-

D - 0.500"

Figure 1. Compression Specimen
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4 0 0 ........................... .............................. ............................... ............................... ............................... ................. ..... .............

3 0 0 ............................ ................. ....... ............................................................................ .............C 6

. -m- TEST-C3
-0- TEST-C3

-0- TEST-C 4
-0- TEST-C9

-SIMULATION

2 0 0 ........... ................ ' ............................. ............................... ........................... .... .......... .......

0
0 0.2 0.4 0.6 0.8 1 1.2 1.4

TRUE STRAIN

Figure 2. Experimental Uniaxial Compression Stress-Strain Data.
Simulated Compression Stress-Strain Curve (for the Single Slip Behavior:

so = 16 MPa; ho = 700 MPa; ss = 155 MPa; a = 3.8) is also given.
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Torsion Tests

Specimen geometry of the torsion test specimen is given in Figure 3. This
specimen is a modified Lindholm-type specimen that was used by White et al. 12 The gage
portion of the torsion specimen is a thin wall tube of 0.240 in (6.096mm) length and
external and internal diameters 0.810 in (20.574mm) and 0.750 in (19.050mm)
respectively (0.030 in wall thickness). The torsion tests were conducted using both free
and fixed-end conditions at a shear strain rate of 0.001 s- 1. For the tests that were
conducted under fixed-end conditions, the axial strain was assumed to be zero. Though the
axial strain in the gage sections were not directly measured, axial extension just outside the
gage section was monitored for one free-end and one fixed-end test using a specially
designed axial extensometer (see Figure 3). All the torsion tests were conducted using a
tension-torsion hydraulic test machine. Specimens were attached to the test machine using
a pair of hydraulic collet grips.

Shear stress was derived using the expression

Shear stress = Torque / (2trm2 t) (33)

where rm is the mean radius of the gage section and t is the wall thickness of the gage area.
The axial stress was obtained by

Axial stress = Axial Force / (it(R 2 - r2 )) (34)

where R is the outer radius and r is the inner radius. Axial strain is given by the expression

Axial Strain = Axial Extension/Gage Length (35)

and the shear strain is given by the expression

Shear Strain = (RO)/Gage Length (36)

where 0 (in radians) is the relative rotation at the grips.

Torsion Test Results

Stress-engineering shear strain curves obtained for fixed-end torsion tests are given
in Figure 4. The axial stress is initially compressive and goes through a minimum at an
approximate shear strain of 1 with the monotonic increase of shear strain; as the shear strain
is increased further, the axial stress becomes tensile at an approximate strain of 2.25. The
axial strain that was obtained by monitoring the displacement just outside the end of the
shoulder section is also given in the Figure 4. The axial strain monitored this way was

12. WHITE, C. S., BRONKHORST, C. A. AND ANAND, L. An Improved Isotropic-Kinematic
Ilardening Model for Moderate Deformation Metal Plasticity. Mech. MaL, v. 10, 1990, p. 127-147.

11



approximately zero up to a shear strain of 1.75 and increases after this strain (positive strain
indicates an extension in the gage section).

Shear stress-shear strain behavior obtained using free-end tests is given in Figure 5.
Also in this figure, the axial strain behavior is given as a function of the shear strain. Axial
strains were obtained both from the machine and from the extensometer. As expected the
axial strain measured from the extensometer was lower than measured by the machine.
Here, positive strain indicates an extension. The axial strain increases and remains
approximately constant after a shear strain of about 1.

Both fixed-end and free-end stress-strain behavior is given in Figure 6. The shear
stress-shear strain behavior is approximately equal and therefore insensitive to the method
of testing - i.e., whether the type of testing is fixed-end or free-end.

4.500' 1.430'.7

L.750"--

O.5f. .J2 00"

ii. 0.907"

Figure 3. Torsion Specimen with the Extensometer
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Figure 4. Shear Stress/Axial Strain-Shear Strain from Fixed-End Torsion
Tests
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Figure 6. Comparison of Experimental Fixed-End and Free-End Torsion
Data
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MODEL PREDICTIONS

The computer program given in the Appendix was used to obtain the polycrystal
model predictions of the uniaxial compression and fixed-end torsion (simple shear) tests
and the evolution of crystallographic texture. Following Kalidindi et al., the strain rate
sensitivity parameter, m, for OFHC copper was taken as 0.012. Latent hardening, q, for
the copper was assumed to be 1.4 for the computation. Also simulations were conducted
with in = 0.04; q = 1.4, and m = 0.012; q = 1.0 to evaluate the effect of higher strain rate
sensitivity and lower latent hardening.

Computations were conducted using a 16 MHz IBM compatible 80386 computer
with 80387 floating point coprocessor support or a Mac IIcx computer. The initial
crystallographic texture was assumed to be isotropic (the grains were randomly oriented);
the initial distribution of the crystals were taken from Molinari et al.13 and was given as 300
sets of Euler angles. Each set of Euler angles would rotate the axes of the corresponding
crystal to coincide with the global fixed rectangular Cartesian axes. Schmid tensor, SR,
was computed with respect to the global coordinate system for each crystal by

Sg =QSLQT (37)

where SF is defined with respect to an orthonormal basis associated with the crystal lattice
<100> directions. Twelve slip systems which defines S for fcc crystal are given in the
Table I.

The orthogonal matrix Q which rotates the crystal basis to coincide with the global
fixed basis is given by

cos 0 sin 0 sin 0 cosw sin osin
-sin 0 sin co cos 0 +cos 0 sin co cos 0

Q= -cos 0 sin o -sin 0 sin coCos 0 sinO
-sin 0 sin co cos 0 cos 0 cos co cos 0

sin 0 sin 0 -cos 0 sin 0 cos 0
(38)

where (0 5 0 < 27t, 0 < 0 < 7t, 0 < o !5 2t) are the three Euler angles that represent this
transformation. Most of the simulations were conducted with a subset of 100 crystals after
it was determined that there was no appreciable difference in the results whether 300 or 100
crystals were used (see sub-section Fixed-end Torsion Behavior). Both of these crystal
distributions are given in Figure 7 as equal area projection ( I 11 ) pole figures.

13. MOLINARI, A., CANOVA, G. -. AND AHZI, S. A Self-Consistent Approach of the Large
Deformation Polycrystal Viscoplasticity. Acta Mctall., v. 35, 1987, p. 2983-2994.
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Table 1. Twelve slip systems for fcc crystal

slip system slip plane slip direction

a na sa

I (1 1I)/3 [-1 101/42

2 (1 1 1)/43 [-10 11/42

3 (1 1 1),3 [0-1 11/42

4 (-11)143 [1 1 012

5 (-1 1) 43 [10 11/42

6 (-1 1 1)/q3 [0-1 11/,42

7 (1-1 1)43 [1 1 01/2

8 (1-1 1)43 [0 1 112

9 (1-1 1)/43 [1 0-11/42

10 (1 1-1)43 [0 1 11/42

11 (1 1-1)/43 [10 1]/,12

12 (1 1-1)/43 [1-1 01/42

Uniaxial Compression Behavior

The time integration algorithm discussed earlier requires that the deformation
gradient to be prescribed for the deforming body. In a uniaxial compression test, axial
strain rate is known; but the lateral strain rates are not known. Following Bronkhorst et
al., 14 for the uniaxial compression test, the material elements are assumed to follow an
isochoric motion given by

x = exp(t/2)X1 e1 + exp{ t/2}X 2 e2 + exp(-9tX 3 e3 (39)

where e is the strain rate, X (XI,X 2,X3) and x are the original and current positions of a
material element respectively and ei (i = 1, 2, 3) are orthonormal base vectors of a global
rectangular Cartesian coordinate system. The response from the Taylor model for this
motion is the volume averaged stress deviator T' = T + pl, where p an undetermined
pressure. In a uniaxial compression test, because the lateral tractions are zero, the
approximate value of the axial Cauchy stress can be represented by

T3 3 = T'33 - p, where p = (T'1 1 + T"2 2 )/2 (40)

14. BRONKHORST, C. A., KALIDINDI S. R. AND ANAND, L. Polycrystalline Plasticity and the
Evolution of Crystallographic Texture in FCC Metals. to be published, 1991.
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The assumed single slip hardening modulus and resistance of the constitutive
behavior of the single crystal is given by the Equations (13) and (14). Here, the unknown
parameters are ho - the initial hardness, ss - saturated value of the slip resistance, so - the
initial slip resistance or the initial critical resolved shear stress (crss) and a - the exponent.
By systematically iterating these parameters, the calculated macroscopic stress-strain
behavior can be adjusted to represent the experimentally observed stress-strain behavior.
The saturated stress-strain behavior is dependent on the ss value, initial slope of the stress-
strain curve is dependent on the ho value, yield point is dependent on the so value, and the
exponent, a, determines the shape of the stress-strain curve between the yield point and the
saturation point. By systematically changing the values of these parameters, a simulated
compression stress-strain curve was obtained, which approximately represents the
experimental stress-strain behavior. This simulated stress-strain behavior is given in
Figure 2 with the experimental stress-strain curves. Corresponding parameters of the
single slip behavior are

so = 16 MPa, ho = 700 MPa, ss = 155 MPa and a = 3.8. (41)

These parameters for single slip behavior are used for the simulation of the torsion (simple
shear) stress-strain behavior in the next section. Thus, by curve fitting the Taylor model to
the experimental results of the compression tests, the parameters for simulating the torsion
tests are fixed.

For this single slip behavior, simulated stress-strain behaviors for m = 0.04, q =
1.4 and m = 0.012, q = 1.0 are given in the Figure 8 for comparisons. As the strain rate
sensitivity increases or latent hardening decreases, for uniaxial compression stress-strain
loading, the simulation predicts a lower stress for the same strain.

Fixed-end Torsion (Simple Shear) Behavior

Using the parameters that were determined from the simulation of the compression
tests, fixed-end torsion tests were simulated. In the fixed-end torsion tests, the material
elements are assumed to follow a motion described by

x = (X1 + Yt X2 )e1 + X2 e 2 + X3 e3 .  (42)

where 0' is the engineering shear strain rate. The simulated shear (T12), axial (T22) and
hoop (TI 1) stresses as functions of shear strain are given in Figure 9 for both 100 and 300
crystals. Thcre is no appreciable difference in the stress-shear strain behavior for 100 or
300 crystals except the axial and hoop stress behavior become smoother for 300 crystals.
Therefore, all the other simulations that are reported in this report were carried out with 100
crystals.

Figure 10 gives the simulated stress-shear strain behavior (m = 0.012 and q = 1.4)
for simple shear loading with the corresponding fixed-end experimental data from Figure 4.
Simulated axial stresses are compressive in the range of shear strains up to 3 and go
through a compressive maximum stress as the shear strain is increased. In contrast, the
hoop stress is tensile and increases as the shear strain is increased. For comparison with
this simulated stress-strain behavior, Figure 11 gives the calculated stress-shear strain
behavior for a higher rate sensitive material (m = 0.04; q = 1.4) and for a lower latent
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hardening (q = 1.0; m = 0.012) material. In both of these simulations, single slip
hardening was assumed to follow the behavior given by the parameters in (4 1).

400 - ~

aal

3 5 ............. ... ......... ...... .......... . ......... . .a ...................................

=1.4; m =0.0 12

-~q =1.0; m =0.012

.,N q 1.4; m =0.04

1 5 ........ ..... .....15 0. ..... ......... .......... .......... .......... .... ..... .......... ........

1 0 0 .............. ........... .............. ... ....... ...... ...... ............

5 0 . .... . ... ...... .... .. ....... ............ ..... .................. ........ ........

0
0 0.2 0.4 0.6 0.8 1 1 .2 1.4 1.6

TRUE STRAIN

Figure 8. Effect of Strain Rate Sensitivity and Latent Hardening on
Simulated Compression Stress-Strain

(so = 16 MPa; ho = 700 MPa; ss = 155 MPa; a = 3.8)
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Figure 9. Comparison of Simulations of Simple Shear with 100 versus 300
Crystals

21



200
.SHEAR

-4-T12-SHEAR STRESS
1 5 0 ............ 0 .......................... ....................................

-SHEAR-EXPERIMENTAL -0-T22-AXIAL STRESS

f --- TI I-HOOP STRESS

100 .................................................................. ................................. .STRESS (EX PERIM EN TA L)
SHEAR STRESS (EXPERIMENTAL)

CA 5 0 .................................. ..................................... .................................... .................................... .................... ... ..... O .O .P ..........

0..... ... .. .. ... .. . ... ....... .. . .. .. . .. . . .. .... . .. .. . . . ... . .. . ..... . . .. . .. . .

EXPEIMENTAL

-5 0 .............................. .................................... ...... ......... ........ .... ....... .. ...... ....... .

-100
0 0.5 1 1.5 2 2.5 3

SHEAR STRAIN

Figure 10. Comparison of Fixed-End Torsion Experimental and Simulated
Stress-Strain

22



200

Ti12

71- --O-T2 (q = 1.4; mn = 0.012)
150 DT22 (q = 1.4; mn = 0.012)

-K-T11 (q = 1.4; mn = 0.012)
*-nT12 (q = 1.0; mn = 0.012)
--- T22 (q = 1.0; mn = 0.012)
--9-T11 (q = 1.0; mn = 0.012)
-MeT12 (q 1.4; m =0.04)
--M T22 (q =1.4; in = 0.04)

-- Ig TIlI (q =1.4; mn = 0.04)

5 0 ................................... .....................................0...... .....

-100 a Oman==
0 0.5 11.5a2.5 3

andman.4

us23



A simulation was also conducted starting from compression data for these two
cases: 1) m = 0.04; q = 1.4 - a higher rate sensitive material, for which single slip behavior
was found to be given by the Equation 41, except for ss which was 166 MPa to fit to the
experimental data, 2) q = 1.0; m = 0.012 - a lower latent hardening material, for which
single slip behavior was found to be given by the Equation 41, except for Ss which was
170 MPa to fit to the experimental data. The corresponding simple shear behavior for these
two cases are given in Figure 12 with the behavior from single slip define by the Equation
41 and experimental data.

COMPARISON OF EXPERIMENTAL RESULTS WITH MODEL
PREDICTIONS

The suitable selection of the parameters of the single slip behavior, with m = 0.012
and q =1.4, made it possible to obtain a simulated uniaxial compression stress-strain curve
that closely follows the experimental results as given in Figure 2. The parameters chosen
to fit the compression data remain fixed for the torsion simulations. The predicted stress-
strain curve is dependent upon the rate sensitivity as well as the amount of latent hardening:
the higher the rate sensitivity, the lower the stress at a give strain value and, the lower the
amount of latent hardening, the lower the stress for a given strain value.

The stress-shear strain curve from the simulation of simple shear is given in Figure
10 with the fixed-end torsion stress-strain data. In both simulation and experiment, the
axial stresses are compressive, thus qualitatively both have the same results; but the
simulation over predicts the measured axial stress. Also, the experimental axial stress
becomes tensile at higher shear strains. The simulation does not show this tiend up to the
maximum simulated shear strain of 2.8. The experimental shear stresses are higher than
the simulated values at low and high strains, but the simulated stress is higher than the
experimental values for intermediate strain levels. This observation is different from that
observed by Bronkhorst et al.14 They observed a better correlation between results from
experiments and simulation. Also we should note that the two materials are different since
the annealing temperature was different in both studies. An annealing temperature of 850'C
was used in their studies.

The other difference between the two studies is the annealing point in the study:
i.e., whether the annealing was performed before or after machining of the specimen. In
Bronkhorst study, specimens have been annealed after the machining, but in this study the
specimens were machined after annealing so as not to distort the thin wall of the specimen.
With the assumption that the specimen may have been work hardened during machining,
the following two approaches were taken: 1) a simulation was conducted by increasing the
initial single slip resistance, so, so that the initial portion of the predicted shear stress-shear
strain curve matches the experimental results, and 2) one specimen was annealed before
testing. Figure 13 gives a comparison of the simulated results from the first case with the
experiment, where the given simulation was conducted with the initial single slip
resistance, so = 45 MPa. The discrepancy between the experiment and the simulation at the
lower strains disappeared with this simulation, but the differences at the intermediate and
large strains remain unchanged. In the second case, where the specimen was annealed
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before testing, the experimental results are given with the simulated results in Figure 14. In
this case also, the differences in shear stress at lower strains disappeared; however, the
differences between the experiment and the simulation increased in the intermediate strain
range. At the range of large strains, the experimental shear stress seems to asymptotically
approach the simulated results. The new simulated and experimental axial responses did
not appreciably deviate from the original simulated and experimental axial responses,
respectively.

Figure 11 shows a comparison of the simulated shear and axial stress-shear strain
responses for an increase of rate sensitivity (m = 0.012 -> 0.04) and for a decrease of latent
hardening (q = 1.4 -> 1.0) parameters. The shear stress response did not change
appreciably, but there is a change in the axial and hoop stress responses. As the strain rate
sensitivity was increased, the axial and hoop stresses decreased for a given strain. For
strains less than 0.6, the axial and hoop stresses are higher with reduced latent hardening,
but are lower for reduced latent hardening for strains greater than 0.6.

In contrast to the simulations given in Figure 11, Figure 12 gives the simulated
stress-strain response for both higher rate sensitive (m = 0.04) and lower latent hardening
(q = 1.0) materials by obtaining the single crystal slip parameters for both cases from the
compression data as described in the previous section. These simulations further deviate
from the experimental results, therefore indicating that the best simulation is obtained for m
= 0.012 (the experimental m from polycrystal jump test by Bronkhorst et al.) and q = 1.4
(the value suggested by Kocks et.al. 15 and Asaro et al. 7 after reviewing a great number of
single crystal experiments).

The discrepancies between predicted and experimental stress-strain responses may
be due to the followings reasons:

1). The Taylor model does not take into account the interaction between grains. Also the
stress equilibrium stress between the grains is violated.

2). The fixed-end torsion tests do not represent simple shear perfectly; this could explain
the reduction in the magnitude of the experimental axial stress. Lipkin et al. 16 have
experimentally observed the presence of axial strains in the gage section, thus reducing the
magnitude of the axial stress due to partial relaxing of the axial constraints. Also finite
element calculations by Lipkin et al. 16 and White 17 show the presence of axial strains in the
gage section. These finite element calculations also show that the actual shear strain in the
gage section is lower than that computed from the relative rotation measured at the testing
machine (grips). In addition, the finite element calculations show that even for thin wall
specimens, stresses are not uniform through the thickness or close to the shoulder section
of the gage area. Also, we should note that these finite element calculations have been
conducted with assumed constitutive models.

15. KOCKS, U. F. The Relation Between Polycrystal Deformation and Single-C, ystal Deformation. Met.
Trans., v. 1, 1970, p. 1121-1143.

16. LIPKIN, J., CHIESA, M. L. AND BAMMANN, D. J. Thermal Softening of 304L Stainless Steel:
Experimental Results and Numerical Simulations. Proc. of IMPACT'87, Bremen, FRG, 1987.

17. WHITE, C. S. An Analysis of the Thin-Walled Torsion Specimen. submitted to the ASME J. Eng.
Mat. Tech., 1991.
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PREDICTED TEXTURES

As described in the section entitled The Taylor-type Polycrystal Model, the
evolution of the texture can be obtained from the polycrystal simulation. The initially
assumed random distribution of the crystals are given in Figure 7 as equal-area projection

111 pole figures. Predicted pole figures for both uniaxial compression and simple shear
experiments are discussed and compared with the corresponding ideal textures in Figures
15 and 16 in the following sections. Experimental pole figures are being obtained and will
be discussed and compared with the predicted pole figures in a future report.

Unlaxial Compression

At a uniaxial compression strain of 1.3, equal-area projection ( 111 ), (110) and
(100) pole figures of the polycrystal are given in Figure 17. From these pole figures, it
can be seen that the polycrystal has developed a texture which is symmetric with the
loading axis. As seen by others (Bronkhorst et al. 14) in uniaxial compression tests, the
(110) planes have aligned perpendicular to the loading axis (see the (110) pole in the
(110) pole figure). The predicted uniaxial compression pole figure is identical to the ideal
(1 10<uvw> fibre texture given in Figure 15, where f 110) planes align perpendicular to
the loading axis (e3-direction).

Fixed-end Torsion (Simple Shear)

Figure 18 gives the predicted [{l 11}. fI10) and ( 100) pole figures for a simple
shear test at a shear strain of 2.8. These pole figures are similar to the ones predicted by
Harren et al.8 using the time integration algorithm by Asaro and Needleman.

Ideal textures that are formed in shear deformation have been classified in detail by
Canova et al.18 , Montheillet et al. 19 and Harren et al.8 Following the notation by Canova et
al., the ideal textures, (hkl)<uvw>, where (hkl planes aligning with the global shear
plane (e2-direction) and <uvw> directions aligning with the global shear direction (el-
direction), that form under shear can be divided into three categories: A fibre texture -
(111 )<uvw>, B fibre texture - {hkl)< 110>, and C texture - (001 )< 110>. These ideal
shear textures are given as (1 I I) pole figures in Figure 18. It has been hypothesized by
Harren et al. that the B fibre and the C orientation textures do not produce axial stresses,
but the A fibre texture produces either compressive or tensile axial stresses depending on
whether the A fibre is either A- partial fibre or A+ partial fibre (partial A fibres are identified
in Figure 16a), respectively. Also in the Figure 16(b), B fibre is divided into two partials,
BY and Bn .

Comparing the predicted and ideal (111) pole figures, prediction shows the
presence of a strong A- fibre and the absence of A+ fibre. Also the BY fibre and the C
orientation are strongly present in the pole figure; however, Bn fibre is absent in the
prediction.

18. CANOVA, G. R., KOCKS, U. F. AND JONAS, J. J. Theory of Torsion Texture Development. Acta
Meta., v. 32, 1984, p. 211-226.

19. MONTHEILLET, F, COHEN, M, AND IONAS, J. J. Axial Stresses and Texture Development
During the Torsion Testing of Al. Cu and a-Fe. Acta Metall., v. 32, 1984, p. 2077-2089.
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The presence of A- fibre is responsible for the compressive axial stresses seen in the
predicted as well experimental fixed-end torsion tests. The perturbations in the
compressive axial stress with increasing strain is due to the migration of orientations
from/to A- to/from BY fibre and C orientation. 8

SUMMARY

Large deformation uniaxial compression and fixed-end and free-end torsion (simple
shear) experiments were conducted for annealed OFHC Copper to obtain stress-strain
behavior of the material. The stress-strain behavior for these experiments were also
predicted using a Taylor type rate dependent polycrystal model by Asaro and Needleman 7.
Simulation of these experiments was conducted using a recently developed, highly
efficient, fully implicit time integration scheme by Kalidindi et al.9 In the initial phase of
the simulation, the evobtion of the constituent single crystal slip system deformation
resistance was estimated using the experimentally determined compressive stress-strain
behavior of the polycrystal. With this crystal constitutive behavior, the stress-strain
behavior of the polycrystal for simple shear was computed. In addition, evolution of the
crystallographic texture was computed for both compression and simple shear tests.

Experimental shear stress was insensitive to changing from fixed-end to free-end
condition of testing. The predicted shear stress-strain behavior for simple shear test
compared reasonably well with the experimental results. The simulated axial stress
response agrees qualitatively (compressive) with the experimental observations, but over
estimates the experimentally observed axial compressive stress.

In uniaxial compression tests, the simulated stress-strain behavior decreases with an
increase of strain rate sensitivity or decrease of the latent hardening for the same strain. In
simple shear, shear stress response is not sensitive to changes in either strain rate
sensitivity or latent hardening. The axial and hoop stresses decrease with the increase in
strain rate sensitivity. With the decrease of latent hardening, the axial and hoop stresses
increase at lower shear strains, but decrease at higher shear ot'mir.s.

The predicted texture of grains for compression tests assumes an orientation given
by the ideal I 1 lO)<uvw> fibre where ( 110) planes become perpendicular to the loading
axis. For simple shear, predictions show the presence of the ideal A- (( 111) <uvw> partial
fibre) and BY (hkl< 110> partial fibre) fibres and C ((001 )< I10>) orientation, where in
this notation, planes are parallel to the shear plane and directions are along the shear -direction.
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APPENDIX

Computer Program PolyCrystal-MTL (PC-MTL-Ver: 01).

A C version of the program will be available in future.

program Tpolycrytal;

** written by Tusit Weerasooriya of Army Material Technology Lab **)
December 1990

[This program computes the stress history for a given history (including
(reverse loading) of deformation gradient tensor (F). Continuum is )
(considered as a poly-crystal of n number of crystals with initially known }
(orientation (ex. randomly). The program also tracks the evolution of
(anisotrophy (crystalographic-texture) with the deformation. State variables)
{- crystal slip resistance and Fp - for each crystal are tracked and are )
(saved in a restart fle. Using the restart file, deformation can be further)
(extended)

const
ncrystals = 100;
startcrystal = 1;
ntimesteps = 400;
lastcrystal = startcrystal + ncrystals - 1;
totcrystals = 100;

qq = 1.0; (mult for latenth for noncoplanar)

maxstrain = 2.80; (max stop strain)
minstrain = 0.000; (min stop strain for reverse)
startstrain = 0.000; (starting strain before reverse)
sdgama = 0.01; (maximum delta.gama for iteration)

ho = 700.0; (sdot=ho(l-s/ss"aa)
ss = 155.0;
so = 16.0;
aa= 3.80;

gamadoto = 0.001; (reference strain rate)
m = 0.012; (strain rate sensitivity)
straindot = 0.001; (strain rate of the test)
mu = 44000.0;

type
table66 = array[1..6, L..6] of extended;
table33 = array l..3, I..31 of extended;
rtable33 = array[1..3, !..3J of real;
vector3 = array[l..31 of extended;
vector6 = array[l..6] of extended;
vectorl2 = array[l 121 of extended;
table1212 = array[l..12, L..121 of real;
Sc12 = array[l..121 of table33;
Qvector = array( L..totcrystals] of table33;
svector = array[ l..totcrystalsI of vectorl 2;
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Tvector = array[ 1 ..ucrystals] of vector6;
rtstepv = array[ I..ntimesteps] of real;
tstepv = array[1..ntinestepsl of extended;
pIllI array[1L.8] of vector3;
p1I10 = array[1.12] of vector3;
p 100 = array [1L.6] of vec tor3;

var
answer string[31;
restart: string[2];
testtype, testdiin, strainlimit: char,
crystal, i I, Ikimestep, n, i, j, iLemp: integer;
qab: table1212;
k, r3km2mud6, r3kd2, sod3, temp, scaler: real;
Rt, cdgamamax, newdgamnamax, ptsdgarnamax, dgamamnax: real;
pIlIlc, pllIlg: pil1l;
pIlOc, p1 log: p1 10;
plooc, ploog: plo0 ;
Sc, Sa: Sc 12;
Q: table33;
eulera: vector3;
166, nu1166: table66;
133, nu1133, temp33, temp133, temp233, Feinter: table33;
nullv6: vector6;
nullvl2, sovl2: vectorl2;
Qptr AQVector,
Fpiptr, nFpipcr AQvector;
spir, nsptr: Asvectr;
Tsvptr, nTsvptr ATvetr;
x, y, msdot: real;
time, strain: rtstepv;
TI lavptr, T22avptr, T33avptr, T12avptr: Atstepv;
deltat real;
Tfile, pfile, pOfile, pOOfile, pifile, pi~file, pi00file: text;

var
1, iterate: integer;
alpha, beta: integer,
F, Fe, Fpi, Fpinew, R, InU: table33;
A, Ts, Tstr, Tcauchy: table33;
Tsnewvec, Tvecernxr, Tstrvec, Tfn, temp6: vccor6;
pole, newpole: vector3;
Ba, Ca: Scl12;
Savec, Cavec:- array [I.121 of vector6;
Jacobian, Uac, tenip66: tablc66;
s, snew, serror, st, Lau, deltagama, templ2: vector 12;
gamopdelt, s I. s2, s3, s4. s5: extended;
Tout sout, iterout: boolean;

procedure mprn (am: table33;
n: integer);
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(print 3R3 in MatrixForm)
var

i, j: integer,

begin
for i :=I to n do begin

writein;
for j :=I to n do

write(am[i, j] : 10 : 3);
end; (*for j*)
writein;

end;

procedure vprint (av: vectorl2;
n: integer);

(print a 12 element vector)
var

i, j: integer;

begin
for i :=1 to n do

write(av[i] :12: 6);
writein;

end; {vprint)

procedure m6print (am: table66;
n: integer);

(print a 6x6 in MatrixForm)

var
i, j: integer,

begin
for i := I to n do begin

writeln;
for j := 1 to n do

write(an~i, j]i: 10 : 4);
end; (*for i*)
writein;

end;

procedure v6prn (av: vector6;
n: integer);

(print vector of 6 elements)
var

i. j: integer;

begin
for i := 1 to n do begin

write(avi] :12: 6);
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end; (*for j*)
writein;

end; {vprint)

procedure inves (am: table33;
var bin: table33;
n: integer);

(inverse a 3x3 matrix by back substitutian)
var

i, j, k: integer,
p: extended;
s: extended,

begin
for i := I to n do

for j := I to n do
bm[i, j] := arn[i, j];

for i := 1 to n do begin
p :=bm~i, i];
p 1.0 ./ P;
bm[i, il := 1.0;
for j := I to n do

bm[i, ji := bm[i, j] * p
for k:= 1 to ndo

if (k <> i) then begin
s := bmik, il;
bm[c, i] := 0.0;
for j := I to n do

bm[k, j] := bm[k, j] - s *bm[i, j];
end;(*if*)

end;f(for i)
end; (inverse)

procedure inverse6 (am: table66;
var bin: table66;
n: integer);

(inverse a 6x6 matrix by back substitution)
var

i, j, k: integer;
p: extended-
s: extended;

begin
for i := I to n do

for j := I to ni do
bm~i, j] := arn~i, j];

for i := I to n do begin
p :=bmlj, il;
p:=I.0/ P;
bm[i, il := 1.0;
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for j := 1 to n do
bmU. j] : bm[i, j] * p

for k: 1 to ndo
if (k <> i) then begin

s: bm[k, ii;
bm[k, i] := 0.0;
for j := 1 to ni do

bm[k, j] : bm [k, j] - s *bm [i, ji;
end;(*if*)

end; (for i )
end; f inverse6)

procedure aikbkj (am: table33;
bin: table33;
var cm: table33);

(Aik Bkj tensor multiplication)
var

i, j, k: integer,

begin
for i := I to 3 do

for j 1= to 3 do begin
cm[i, A : 0.0;
for k:= 1 to 3do

cm[i, j] : cm[i, j] + am[i, k] *bm[k, j];
end; (for k)

end; ( aikbkj)

procedure aikbjk (am: table33;
bin: table33;
var cm: table3 3);

(Aik Bjk tensor multiplication - A (B)T)
var

i, j, k: integer;

begin
for i:=lIto 3do

for j := I to 3 do begin
cmi, j] := 0.0;
For k:= 1 to 3do

cin[i, j] := cm[i, j] + amfi, k] bmU, kj;
end; [for k)

end; {aikbjk)

procedure inpiusm (am: tabic33;
bin: table33;
var cm: table33);

(Aij+E ij)
var

i, j: integer;
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begin
for i:= I to 3 do

for j :i I to 3 do
cm[i, j] := am[i, j] + bm[i, j];

end; (mplusm)

procedure mdotv (am: table33;
av: vector3;
var cv: vector3);

Aij Bj)
var

i, k: integer,

begin
for i := 1 to 3 do begin

cv[i] := 0.0;
for k := I to 3 do

cv[i] := cv[i] + am[i, k] av[k];
end; (for i}

end;{mdotv)

procedure smulm (scaleri: real;
am: table33;
var bin: table33);

[s*Aij)
var

i, J: integer,

begin
for i := I to 3 do

for j := Ito 3 do
bm[i, j := scalerl * am[i, j];

end; (smulm)

function absmax (av: vectorl2): real;
{abs(max(Aij)))

var
i: integer,

begin
temp := abs(av[l );
for i := 2 to 12 do

if (abs(av[i])) > temp then
temp:= abs(avfiI);

absmax := temp;
end; {absmax)

function det33 (am: table33): real,
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var

i: integer,

begin

det33 := 4n1, 1] (a[2, 2] am[3, 3] - arn[3, 2] am[2, 3]) - am[2, 1] *(amn[i, 2] * w43, 3] - amn[3, 2] *ml

31) + am[13, 1] (amn[1, 2] am[2, 3] - am[2, 2] anmll 31);

end.fdet33)

procedure vouterprod (var av, by: vector3;
var cm: table33);

f Ai Bj tensor product)
var

i, j: integer,
begin

for i :=Ito 3 do
for j :=I to 3 do

cm(i, j] := av[i] * bvU];
end; ( vouterprod)

procedure genSc (var Sc: Sc02;
var pilIic: pill1);

var
sqrt2, sqrt3: real;
i, j: integer,
sli1, s 12, s 13, s2 1, s22, s23, s3 1, s32, s33, s4 1, s42, s4 3: vector3;

begin
sqrt3 :=sqrt(3.0);
sqrt2 sqrt(2.0);
for i I ito 3 do begin

p11141c~, il 1.0 ./ sqrt3; (1, 1, 1)
pl Ilc[2, i] 1.0 ./sqrt3;
p11 Ilc[3, ii : 1.0 / sqrt3;
plIllIc [4, iJ 1.0/ sqrt3;

end;

pllIIct3, 21 :-pllIlc[3, 21; f-,1
pllIlct4, 3] :-pllIlc[4, 31; (,,
for i := I to 3 do begin

pllIlc[6, a] : -pllIlc[2, i]; f1-,I
p11 Ilc[7, ii : -p1114Ic3, ii; fi ,I

end;
slifi] : -1.0/sqrt2;
sl 1(21 1= .0 /sqr[2;
A 1[31 =0.0;(-,10
s1 2( 11 -= 1.0 /sqrt2;
s12[2J : 0.0;
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s12[3] 1.0/sqrt2; (-1,0,1)
s13[l] 0.0;
s1 3 [2 -1.0/sqrt2;
sl3[31 1.0/sqrt2; 0-,1

s21 [1I 1.0 /sqrt2;
s2l[2] 1.0 /sqrt2;
s2l[3] =0.0; (1,,)
s22[1I 1.0/1 sqri2;
s22[2] 0.0;
s22[1]:1.0/sqrt2; (1,0,1)
s23011 0.0;
s23 [2] =- 1.0/sqrt2;
s23[3] 1.0/sqrt2;(0-,1

s31[1] 1.0/sqrt2;
s31t21 =1.0 /Isqrt2;
s31[3] :0.0;(1,0
s32[l] 0.0;
s32[1]: 1.0 /sqrt2;
s32[1 3:1.0 /sqrt2; 10,1, 1)
s33[ 11 1.0 1/sqrt2;
s33[21 0.0;
s33[3]:=-1.0 /sqrt2; (,,i

s41 [1] :0.0;
941[2] 1.0 /sqrt2;
s4lC31 =1.0 1(sqrt2, (0, 1, 11
942[1] 1.0/sqrt2;
s421] 0.0;
s42131 1.0 /sqrt2; 1,0,1)
s43 [1] 1.0 /sqrt2;
s43 [2] -1.0 /sqrt2;
s43[31 =0.0; 1,,0

for i 1= to 3 do
for j :=I to 3 do begin

Sc[1, i, j] sllI[i] * pI IIc[1, j];
Sc[2, i, j] sl2[i] * pll1lc~l, j);
Sc[3, i, j] :=sl3[i] * pl IIctl, j];
Scf4, i,j A= s21[i] * pllIlc[2, j];
Sc[5, i, j] : s22[il * p1 I c[2, j];
Scf6, i, j] : s23[i] * p11I Ic[2, j];
Sc(7, i, j) s31 [il * p11 Ilc[3, j];
Sc[8, i, Ai: s32[i] * p11I Ic[3, ii;
Sc[9, i, j) s33[i] * p11I Ic[3, j];
Sc[ 10, i, j] s4 I i] * p11 Ic[4, j];
Sc [11, i, j] 942[i] * p II I c[4, j];

*Sc[12, i, j] s43fil * p1 I lc[4, j];
end; ( for j)

end; (genSc)
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procedure genQ (var Q: zable33;
eulerangle: vector3);

var
phi, Ufflega, &.ctL feat;,
cphi, sphi, comega, somega, ctheta, stheta: real;

begin
phi :=eulerangef I]; (0=<phi--<360)
theta: euleranglell2l; {0=<theta=-<180]
omega := eulerangel3]; {0=<omega=<360)
cphi cos(phi);
sphi :=sin(phi);
ctheta := cos6Qheta);
stheta: sin(theta);
comega: cos(omega);
somega := sin(omfega);
Q[1, 11: cphi * comega - sphi *somega *ctheta;

Q[ 1, 21: sphi * comega + cphi *somega *ctheta;

Q[ 1, 3]1: somega * siheta;
Q[2, 1] :=-cphi * somega - sphi *comega *ctheta;

Q[2, 2] :=-sphi * somega + cphi *comega *ctheta;

Q[2, 3] : comega * siheta;
Q[3, 1]1: sphi *stheta;

Q[?3, 21 :=-cphi *stheta;

Q[3, 31 :=ctheta;
end; (genQ)

procedure eulerread (totcrystals: integer);

var
i: integer,
eafile: text;

begin
open(eafile,'text.300);
resetgeafile);

temp :=3.14 159265 / 180.0;
for i I= to totcrystals do begin

readln(eafile, eulera[2], euleraf I), eulera[3]);
euleraf Ii:=temp*eulera11; (*)i
eulerat2] t=emnp * eulera[21; (theta)
eulera[3] : temp * euleral3]; (omega)

genQ(Oj~i]~ i, eulera);

end; (for i I
close(eafile);

end; (eulerread)

runction trace (am: table33): real;
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{calculatc the trace of a matrix - Akk)
var

i: integer,
begin

scaler:= 0.0;
for i := 1 to 3 do

scaler:= scaler + am[i, i];
trace:= scaler;,

end; (ace)

procedure symmtov (am: table33;
var avec: vector6);

(vectorise a symmetric matrix)
var

i: integer,
begin

for i := to 3 do
avec[i] := am[i, i];

avec[41 := am[l, 21;
avec[5] := am[l, 3];
avec[61 := am[2, 31;

end; (symmtov)

procedure symmtopv (am: table33;
var avec: vector6);

{vectorise a matrix)
var

i, j: integer;,
begin

for i := 1 to 3 do
for j := 1 to 3 do

temp33[i, j] := 0.5 * (am[i, j] + amU, i]);

for i := I to 3 do
avec[i] := temp33[i, il;

avec[4] := 2.0 * temp33[l, 2];
avec[51 := 2.0 * temp33[l, 31;
avec[6] := 2.0 * temp33[2, 3];

end; {symmtopv)

procedure vtosymm (avec: vector6;
var r" , ,e33);

(convert the 6 elemenf ectc .o the corresponding symmetric 3x3 matrix)
var

i, j: irteger,
begin

for i := Ito 3 do
am[i, i] := avec[i];

am[1, 21 := avec[4];

43



am[1, 3] := avec[51;
amC2, 3] avec [6];
am[2, 1] : amll, 2];
am[3, 11 am[l, 3];
amf3 21 -am(!', I]-

end; (vtosymm I

procedure eapolexy (hid: vector3;
var x, y: real);

(equal area projection pole figure generation *
begin

(equal area-projection pole figure)
temp: sqrt(l.O + hkl[3]);
x :hkl[II/ temp;
y hkl[2] / temp;

(stereographic-projection pole figure)
{temp:=l.O+hkl[3];)
(x:=hkl[1]/(1.O+hkl[3]);)
(y:=hl[2]/(1 .O+hkl[3]);)

end;(eapolexy)

procedure RUdecomp (F: table33;
var R, mnU: table33);

(polar decomposition of F = RU]
var

c, c2: table33;
i, j, k: integer,
ic, iic, iiic, iu, iiu, iiiu, ic2, ic3, iic2, iunew: extended;
aO, al, a2, a3, a4, Wu, srtiiic: extended;

begin
c := nu1133;
for i I= to 3 do

for j:= i to 3 do
for k:= I to 3do

c[i, j] : c[i, j] + F[k, il F[k, j];
c[2, II:= cf1, 2];
c[3, 11 := c1, 3];
c[3, 2]1: c(2, 3];
(02)
c2 := nu1133;
for i := I to 3 do

for j := i to 3 do
for k:= I to 3do

c2[i, j] := c2[i, j] + cli, k] c[k, j);
c2[2, 11 :c2[l, 2];

c2[3, 21 :=c2[2, 3];
(calculate inavriants of c)
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ic c[1, 11 + c[2, 2] + 0(3, 31;
iic (ic *ic - (c2[l, 1] + c2[2, 2] + c2[3, 3])) I2.0;
iic: det33(c);
(calculae iiiu=srt~iiic))

(calculate jul
iunew :=ic;
repeat

iu: unew;
iu3 :=iu * iu * iu;
srtiiic sqrt(ific);
iunew iu - (iu * iu3 - 2.0* ic iu* iu - 8.0 iu* srtiiic i- ic* ic - 4.0 * ic) /(4.0 *Wi3 - 4.0* ic* iu - 8.0*

srtiiic);
until abs(iunew - iu) < 0.000001;
iu iwiew;
iiu sqrt(iic + 2.0 * iu * sqrt(iiic));
(UA-1
for i :=Ito 3 do

for j 1= to 3 du begin
temp33[i, j] : c[i, j] + (iiiu /iu) * 133[i, j];
temp233[i, j] : c[i, j] + iiu *133[i, ji;

end; (for j)
inverse(temp33, templ33, 3);
aikbkj(templ33, temp233, InU);
for i :=Ito 3 do

for j 1= to 3 do
InUfi, j] : InU[i, j] /iu;

aikbkj(F, InU, R);,
{mprint(R,3);)

end; (RUdecomnpi

procedure initialize;
var

crystal, i,j: integer,

rsFpiptr- ile of Qvector;
rsTsvptr: ile of Tvector;
rssptr~ ile of svector;
rsreal: ile of real;

begin

for i 1= to 3 do
for j 1= to 3 do

if (i =j) then begin
133[i, j] : 1.0;
nu1133[i, j] : 0.0;

end
else begin

133[i, A : 0.0;
nu1l33[i, j) : 0.0;
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end;
for i: 1 to 6 do

for j 1= to 6 do
if (i = j) then begin

[66(i, j] : 1.0:,
nuil66(i, j] : 0.0;

end
else begin

166[5, A : 0.0;
nu1166[i, j] : 0.0;

end; (else)
for i:= 1 to 6do

nullv6[iI := 0.0;
for i 1= to 12 do begin

nullvl2fiI := 0.0;
sov12[i] :=so;

end; [i)

sqrt2 :=sqrt(2.0);
for j I to 3 do

for i :=I to 3 do
pi IOcj, iJ :-1.1 lsqrt2;

pllIOc[l, 1] :0.0;(011
P1 10c[2, 2]:0.0; (1,0,11
p I IOc(3, 3):0.0; (1,1,01

for j := 4 to 6do
for i 1= to 3 do

p1 lOcUj, il : p1 l~cfj - 3, ii;
pl10c[4, 2] -pl10c[4, 2]; (0-,1
pll10c[5, 1]1: -ptl10c[5, 1]; (-1,0, 1)
pll0c[6, 1] :-pll~c[6, 1]; (-1, 1,0)

for j:= 7to 12 do (0,1I,-I)

for i:= Ito 3do (,,I

PIOO[I,1] .0;1,-1,0)
p1 c, i 10 MI6Ai

p1003, 1 1=.0; 001
plooc[l, 11 -1.0; (-1,0,0)

pIOOc[4, 1: -1.0; (-1,,)

plOcI6, 3] :-1.0; (0,0,-I)

for i: I to 12 do

46



for j := 1 to 12 do
if (((i >-- 1) and (i <= 3)) and ((0 >= 1) and (j <= 3))) or (((i >= 4) and (i <= 6)) and (0I >= 4) and (j<= 6))) or

(((i >= 7) and (i <= 9)) and (0j >= 7) and (j<= 9))) or (((i >= 10) and (i <= 12)) and (0j >= 10) and (j<= 12)))
then

qabli, j] 1.0
else

qab[i, j] qq * ho;

if (restart = 'nn') then begin

open(pifile, 'pil 11 .pr2');
rewrite(pifile);
open(pi0file, 'pil I10.pr2);
rewrite(pi0file);
open(pi00file, 'pilOO.pr2');
rewrite(pi0Ofile);
rewrite(Tfile);
rewrite(pffle);
rewrite(pOfile);
rewriw pWdie);

timel] := 0.0;
stran(1I := 0.0;,
T12avptrAIi11:= 0.0;
TIllavptr[1]: =0.0;
T22avperA[] :=0.0;,
T33avpe[l I=10.0;,

writeln(Tfile,' STRAIN Tl2av T33av T22av Ti lay T33av-p )
writeln(Tfile, strain[] :12: 4, T12avptrA[1 : 12: 4, T33avptrA 1] :12: 4, T22avprtrA[] 12: 4, TI lavptrA[l] 12
:4, -(T3avptrA[1] - (Ti IavptrA[l] + T22avptrA[I]) /2.0): 12: 4);

for crystal := startcrystal to lastcrystal do begin
SptrAfcrystalI := soy 12;
F~piptO~crystaI] : 133;
TsvpirA[cryszal : ndlv6;

writeln(pifile, ");
for i := 1 to 8 do begin

mdotv(QptrA[crystall, p1 1lc[ij, p1 1 lg[i]);
if p11 I g[i, 3] >= 0.0 then begin

eapolexy(pI 1 lg~i], x, y);
wnite(pifile, x :10: 4. y :l 1: 4);

end; [ if)
end; (for i)

writeln(pi0file, )
for i := I to 12 do begin

mdotv(Qptr,'fcrystal], plOctl], pl0lgliD);
if pIlOgli, 3] >= 0.0 then begin

eapolexy(pl l0g[i]. x, y);
write(pi0file, x :10: 4, y :l 1: 4);

end; Iif)
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end; (for i)

writeln(pi00file,")
for i :=Ito 6 do begin

mdotv(Qptrj crystal], plOOc~iI. p1 00g[iI);
if plOOg[i, 3] >= 0.0 then begin

eapolexy(plOOg[i], x, y);
write(piOOfile, x :10 :4, y : 10 4);

end; (if)
end; (for i)

end; (crystal)
close(piffle);
close(p"Lfle);
close(pi0Offile);

end (if)

else if (restart = 'yy) or (restart ='ry') then begin

open(rsFpiptr, 'rsFpptr');
open(rssptr, 'r~sspzr3);
open(rsTsvptr, 'rsTsvprr');
open(rsreal, rsreal);

reset~rsFpipcr);
resetqrssptr);
reset~rsTsvptr);
resemal);

read(rsFpiptr, Fpiptr);
read(rssptr, SptrA);
read(rsTsvptr, TSVpUA);
read(rsreal, tinie[ 1, strain( I, deltat);

close(rsFpiptr);
close~rsspu);
close(rsTsvptr);
closersal);

append(Tfile); for PC)
seek(Tfide, maxlongiru); (for Mac)
rewnte(pfile);
rewritepOfile);
rewrite(p~ofie);

end; (else)

end; (initialize)

procedure saversfiies;
(save intermediate data for restarting the calculation)

var
rsFpiptr: rle of Qvector;
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07/02/91 12:41 PCR.PAS Page 16

rsTsvptr: file of Tvector,
rssptr:. file of svector;
rsreal: file of real;

begin

open(rsFpiptr, 'rsFpptr');
open(rssptr, 'rssptr');
open(rsTsvptr, rsTsvptr');
open(rsreal, 'rsreal);

rewrite(rsFpiptr);
rewrite(rssptr);
rewrite(rsTsvptr);
rewriw(rsreal);

write(rsFpiptr, FpiptrA);
write(rssptr, sper);
write(rsTsvptr, Tsvprd);
wnte(rsreal, timenltimestepl, strain [Itimestep], deltat);

close(rsFpiptr);
close(rssptr);
close(rsTsvpir);
close(raral);

end; [ saversfiles)

function sign (etemp: extended): real;
(if negative return -1.0 and otherwise return 1.0)
var

s I: real;
begin

if etemnp < 0.0 then
sI : -1.0

else
s 1~ 1.0;

sign :~si;
end; (sign)

procedure tauj..garna;
(calculate tau and delta..garna for each slip system)
var

i, alpha: integer,
s I, s2, s3, A4 s5: extended;

begin

tau := nullv 12;
for alpha := 1 to 12 do begin

for i := I to 6 do
tau[alphal := tautalphal + nTsvper[crystall[i] Savec~alpha, ij;
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if (abs~taufalphal) < so / 100000.0) then
dettagama[alpha] : 0.0

else begin
s3 abs(uu[alphal / nsptrA'[crystal, alpha]);
s4 :ln(s3) /m;
deltagama~alphaJ : gamopdelt, * sign(tau[alphal) *exp(s4);

end; ( if)
end,;(for alpha)

end; ( tatgamaj

label
10, 20;

[************nd ofpceues functions and labels************)

begin

k: =3.115 * mu; (k -bulk modulus)
r3km2mud6 := (3.0 * k - 2.0 *mu) /6.0;
r3kd2 :=(3.0 *k) I 2.0;
sod3 := so /3.0;
Itimestep :=ntimesteps; [last time step)

dgamamax :=0.0; (maximum deltagama for iteration)

writeinCstart);

new(Fpiptr);
new(sptr);
new(Qpr);
new(Tsvptr);

new(nFpiptr);
new(nsptr);
raew(nTsvptr);

new(TI lavptr);
new(T22avptr);
newMT3avpr);
new(TI 2avptr);

write(Rtestart yy/nn/ry :)
readhn~rstar);

write("restType sl/t:);
readln(testtype);

write(TestDimn f/r :);
radln(testdirn);

strainlimit:n;
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msdot :=1.0;
if testdirn = 'r' then

msdoi := -1.0;

if tesuype = s' then begin
open(TfiLle, 'TS.pr2');
open(pfile, pOs.pr2');
open(p~file, 'plIs.pr2');
open(pO~file, 'p2s.pr2');

end (if)
else if (testtype = Vc) or (testlype 'tC) then begin

open(Tfile, TrC.pr2');
open(pfile, 'p~c.pr2Z);
open(p~file, 'plc.pr2');
open(pOOfiIe. 'p2c.pr2');

end;

eulerread(totcrystals);

genSc(Sc, p I Ic);

initialize;

if (restart = 'nn) or (restart = 'ry') then begin
deltat := 0. 1; (2;
for il := 2 to ntimesteps do begin

if il > 2 then
deltat: 0.2;

if ii > 5 then
deltat: 0.3;

if ii > 7 then
deltat := 0.4;

if ii > 10 then
deltat: 0.6;

if il > 15 then
dehtat: 1.0;

if il > 20 then
deltat := 2.0;

if il > 30 then
dchtat:= 4.0;

if ii > 50 then
deltat : = 7.0;

if ii > 80 then
deltt:= 8.0;

if il > 100 then
deltat: 10.0;

if il > 120 then
delrtat: 15.0;

timetil I= timef Ii - 1I + (deltat/abs(straindot)) * 0.00 1,
strain~il] : 2.0 * startstrain + msdot * straindot * time[il];
writeln(timelilD;)

end; (for i I)
writeln('Max. Strain =,strain [ntimcstepsD);
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end, (if)

for il := 2 to ntimesteps do begin
10:

if (iI <= 10) and ((restart = 'nn') or (restart = 'ry')) then begin
deltat:= time[il] - time[il - 1];
strain[il] := 2.0 * startstain + msdot * straindot * time[il];

end (if)
else begin

time[il] := time[il - 1] + deltat;
strainjill := 2.0 * startstrain + msdot * straindot * timetil];

end; (else)

ptsdgamamax := dgamamax;
dgamamax := 0.Q

sl := strain[il]; (sraindot * time[il];)

if testtype = 's' then begin
F := 133;
F[1, 2] := sl;

end
else begin

if tesUype = 'c' then begin
F := null33;
F[1, 1] := exp(sI / 2.0);
F[2. 2] := F[, 1];
F[3, 3] := exp(-s );

end
else begin

F := null33;
F[1, 1] :=exp(-sl / 2.0);
F[2, 2] := F[1, 1];
F[3, 3] :=exp(sl);

end; (else)
end; (else)

mprint(F, 3);

nTsvptrA := TsvptrA;
nsptrA := sptrA;

cdgamamax := 0.0;
for crystal := startcrystal to lastcrystal do begin

writelf;
writeln('** Crystal = ', crystal : 4,'

for alpha := 1 to 12 do begin
(write('Sc', alpha);)
(mprint(Sc[alpha], 3);)

aikbkj(QpwA[crystal], Sc[alpha], temp33);

Salalpha] := nu1133;
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for i: I to 3 do
for j :=Ito 3 do

for I := I to 3 do
Safalpha, i, j]: Sa[alpha, i, jI + temp33 [i, 1]1 QptrA[crystal, j, 11;

symmzopv(Safalpha]. Savec[alpha]);
I v6print(Savec[aiphal ,6); I
end; (for alpha)

writein('CrysWa=', crystal :4,' tirneC', ii 1 ' timne[il1 8 2,' st~rain, i 1=, strain il1] 8 :3,: dt=', delhat
8 : 4);

aikbkj(F, Fpiper~crystail, Feinter);
(A = Transpose[Feinter].Feinter)

A :=nu1133;
for i 1= to 3 do

for j := I to 3 do
for I := 1 to 3 do

A[i, j] := A[i, j] + Feinter[i, i] Feinrter[l, j];
writeln('A : ;

mprint(A, 3);)
si : r3kmninud6 * trace(A);
s3 :=si - r3kd2;
for i := 1 to 3 do

for j := 1 to 3 do
Tstri, j] := mu * A[i, j] + s3 *133 [i, j];

mprint(Tstr, 3);)
symmtov(Tstr, Tstrvec);

for alpha := 1 to 12 do begin
Ba[alpha] := nu1133;
for i I Ito 3 do

for j:= 1 to 3 do
for I := I to 3 do

Ba[alpha, i, j] := Ba[alpha, i, ji + A[i, 11 Safalpha, 1, j] + Sa[alpha, 1, il *Anl, j];

mprint(BaI~alpha],3);)
si := trae(Bafaiphaj) * r3km2mud6;
for i := I to 3 do

for j := I to 3 do
Cataipha, i, j] := mu * Ba[alpha, i, j] + si I 133(i, j];

writeln(Ca[',aiphaD;)
mprint(Cafalphal,3);)

symmtov(Cafalpha], Cavec[alpha]);
end; (for alpha)
st := nsptrA[crysWal1;

gamopdeii := gaznadoto * deltat;
iterout := false;
iterate := 1;

(for iterate := I to 20 do begin)
repeat
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taidgxna6
vprint(tau, 12);)
vprint(deltagama. 12);)

newdgamam:= absmnax(deltagama);
writelnCndgamax, dgamax ,ptsdgarnax

newdgamnamax: 10:4,': ',dgamamax: 10:4,': ',ptsdganaax: 10:4);)
if (newdgamamax > dgamamax) then

dgamia := newdguamax,
temp6 := nuflv6;
for i := I to 6 do begin

for alpha := I to 12 do
temp6[ij := teanp6[i] + deltagama[alpha] * Cavec[alpha, ii;

Tfn[i] := nTsvptrA[crysta1][i] - Tsrveci + temp6[i];
end; (for i)
writeln('C =,crystal, ': Tstep 1, i': iterate ',iterate);

v6print(Tfn,6);)

Jacobian := 166;
for i := I to 6 do

for j := I to 6 do
for alpha := I to 12 do

if (abs~tau[alphal) > (so / 100000.0)) then begin
sl := deltagama[alpha] / (m * taufalpha]);
Jacobian[i, j] := Jacobian[i, j] + si * Cavectaipha, i] Savec[alpha, j];

end; (if)
writeln('J :);
m6print(Jacobian,6);)

inverse6(Jacobian, Uac, 6);
writeln(CU : );)
m6print(Uac,6);)

temp6 := nuIlv6;
for i := 1 to 6 do begin

for j := 1 to 6 do
temp6[iJ := temp6[i] + Uac[i, j] * TfnUI;

Tsnewvec[i] : nTsvper[crystal] [i] - temp6[i];
Tvecentor[i] :=Tsnewvec~iI - nTsvptrA[crystal][i];

end; (for i)

Tout := true;
for i := I to 6 do begin

if ((abs(Tvecerror[ij)) > so / 100000.0) then begin
Tout := false;
if (abs(Tvecerror[i]) > 2.0 * sod3) then

Tsnewvcc[i] := Tsnewvec[i] + nTsvptrA[CrySalI[j)2.0)
else)
TsnewvecfiI := nTsvpW~crystalJ[iI + sod3 * sign(Tvecerrorf ii);

end; (if)
end; (for i)
nTsvptrArcrysW]l := Tsnewvec;
(v6print(Tsnewvec,6);)

writein('Trout: ',Tout);)

if Tout then begin
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twudgam
templ2:= nulv12;
for alpha := 1 to 12 do begin

s3 := 0.0;
for beta := 1 to 12 do begin

sl := 1.0 - nsptrA[crystal, beta] j ss;
if (sl > 0.0) then begin

s2 :=aa * ln(sl);
sl exp(s2); (ho embedded in qab)

end
else

sl 0.0;
templ2[alpha] := templ2[alpha] + qab[alpha, beta] * si * abs(deltagama[beta]);

end; (for beta)
snew[alphal st[alpha] + templ2[alphal;
serror[alphal := snew[alpha] - nsptrA[crystal, alpha];

end; (for alpha)
nsprA[crystal] := snew;
souL"= true;
sl := absmax(serror);
if sl > so / 100.0 then begin

sout:= false;
end;(if)
write('s :);
vprint(nsptr[crystal], 6);

end; (if Tout)
writeln(sout : ',sout);)

iterate := iterate + 1;
if (Tout and sout) then

iterout := true;

until (iterout or (iterate > 80));
(end;for iterate)

writeln('ndgamax, dgamax ,ptsdgamax = ',newdgamamax :10 : 4,':', dgamamax: 10 4,':', ptsdgamamax :10
: 4);

if (newdgamamax > cdgamamax) then
cdgamamax:= newdgamamax;

(for Mae)
if (il>10) or (restart='y') then)

if (iterate>=60) or (dgarnamax> 100000000.0) then begin)
writein('**** deltat is large - unstable - reduce!! ****);)
deltat := 0.75*deltat;}
goto 10:)

end;)

temp233 := 133;
for alpha := 1 to 12 do begin

smulm(deltagama(alphal, Sa[alpha], temp133);
for i := I to 3 do
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for j 1= to 3 do
tenp233(i, j] := emp233[i, j] - templ33[i, j];

end; (for alpha)
aikbkj(FpiprA~crysWa], temp233, temp 133);
si det33(tempI33);
s2 exp(ln(s 1) / 3.0);
si I1 / s2;
smulmn(sl, temp133, Fpinew);

writeln(Fpinew:);
mprint(Fpinew.3);)

nFpiphW[crystall: Fpinew;

aikbkj(F, Fpinew, Fe);
writeln(Fe :);
mprint(Fe,3);)

vtosymm(nTsvpUA'[crystal, TS);
aikbkj(Fe, Ts, temp33);
si : def33(Fe);
Tcauchy :=nu1133;
for i 1= to 3 do

for j :=Ito 3 do begin
for I 1= to 3 do

Tcauchyii, j] :'icauchyti, j] + temp33[i, 11 FeUj, 11;
Tcauchy[i, j] Tcauchy[i, j] / si;

end; (for j)
writeln('Tcauchy:
mprint(Tcauchy, 3);

if (crystal = startcrystal) then begin
T12avptrA[ii] Tcauchy[i, 2];
TIllavpuA[il] :Tcauchy[1. 11;
T22avptre[i I Tcauchy[2. 2];
T33avptr~il] Tcauchy[3, 3];

end (if)
else begin

itemp :=crystal - staricrystal + 1;
Tl2avptrA[ii] := Tl2avperAil] + (Tcauchy[1, 21 - Tl2avptrA[i1]) / itemp;
TI iavpurAill: TI lavpwA[il] + (Tcauchy[1, 11 - TI lavprAf ii]) / itemp;
T'22avpe~[iiJ T22vpz.A~ilI + (Tcauchy[2, 2] - T22avptrA~j1J) / itemp;
733avpe~[il] : T33avptrA~ilI + (Tcauchy[3, 3] - T33avptrA~il]) / itemp;

end; (else)

if testdim = T then
if (straintil] > maxstrain) then

strainlimit:=Y
if tesudim = Yr then

if (straintil] < minstrain) then
strainlimit:';

if (it = ntimesteps) or (strainlimit ='y') then begin
RUdecaenp(Fe, R, InU);
aikbkj(R, QptrA'[crystaI], temp33);
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writein(pfile, ');
for i := I to 8 do begin

mdov(temp33, p 1I Ic[i], newpole);
if (newpole[3] >= 0.0) then begin

eapolexy(newpole, x, y);
write(pfide, x : 10 : 4, y : 10 : 4);

end; (if)
end;(for i)

writeln(p0file, ');
for i := 1 to 12 do begin

mdotv(temp33, p110c[i], newpole);
if (newpole[3] >= 0.0) then begin

eapolexy(newpole, x, y);
write(pOfile, x : 10 : 4, y : 10 : 4);

end; (if)
end;(for i}

writeln(pOfile, ');
for i := 1 to 6 do begin

mdotv(temp33, plOOc[i], ncwpole);
if (newpole[3] >= 0.0) then begin

eapolexy(newpole, x, y);
write(pOOfile, x : 10 : 4, y : 10 : 4);

end;(if)
end; (for i)

end;(if)

end; ( for crystal)

writeln('dt= ', deltat : 8 : 3,' time[', i, '1= ', time[il 8 2,' strain=', strain[il] 8 4);
Rt:= cdgamamax / sdgama;

(auto Lime increment selection)
if dgamamax < 1000000.0 then begin

if Rt <= 0.8 then
deltat:= 1.25 * deltat

else if (Rt > 0.8) and (Rt < 1.25) then
deltat:= deltat/Rt

else begin
writein('**** deitat is large - reduce! ****3;
deltat:= 0.75 * deltat;

end;(else)
end (if)
else begin

writeln('**** deltat is large - unstable - reduce!! ****);
deltat:= 0.75 * deltat;

end; (else)

writeln('cdgamamax, Rt :', cdgamamax : 10 : 4, Rt: 10 4);
writeln('newdeltat = ',detat : 10 : 4);
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FpiptrA: njFpipr;
sptrA:= nsprA;

TSVptrA : nTsvptrA;

writeln(Tfile, sarain[il : 12: 4, Tl2avper[il]: 12: 4, T33avptrA[i 1j:12: 4, T22avpt.A[iflJ:12: 4, TIlavptrAfill:
12: 4. -(T33avptrA[il] - (TIlavptrAtil] + T22avptril])/2.0): 12: 4);

ir strainlimit = 'y' then begin
Itimestep := il;
goto 20;

end; (if)

end;fc il)
20:

writetn(ilI : 5, crystal: 5);

close(Tfile);
close(pfile);
close(pOfile);
close(p0Offile);

saversfiles;

end.
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